Protein crystallisation is of great importance within structural proteomic projects where considerable time and effort is spent trying to obtain high resolution structural information from the X-ray diffraction of protein crystals. The crystallisation process is largely empirical due to a lack of understanding of crystallisation kinetics and it is often very challenging to obtain crystals of sufficient size and quality for X-ray analysis and data collection. This paper presents the use of micro Attenuated Total Reflection (ATR) -Fourier Transform Infrared (FTIR) spectroscopic imaging as an analytical method for the measurement of the growth of protein crystals using the hanging drop approach. As well as allowing for the measurement of in-situ growth of protein crystals, the high spatial resolution of this method allows the detection of micro-crystals. The use of this technique could be very advantageous for protein structural studies since it allows both detection of the growth of small protein crystals and provides chemical information as the crystals form.
crystallisation of proteins is still largely an empirical process and involves a significant amount of trial and error [2] . Even when protein crystals are formed, it is still very difficult to obtain ones that are useful for X-Ray diffraction [2] . Often protein crystals can be too small or slightly imperfect. In addition to this, there is currently no easy way to distinguish between a protein and salt crystal within the crystallisation drop meaning that time and resources are often wasted optimising conditions, only to discover during final stages that the crystal is in fact not proteinaceous [3] .
There are currently several crystallisation methods used in structural biology laboratories. The traditional approaches employing vapour diffusion methods such as hanging or sitting drop are the most widely used, however other methods including microbatch have been successfully used to crystallise a number of proteins. Other novel methods, including the use of porous surfaces and seeding technologies [4] have been developed along with significant progress in nanocrystallography [5] as well as specialized techniques such as lipidic cubic phase [6] and bicelle crystallisation [7] suitable for membrane proteins. Despite these exciting developments, hanging drop or sitting drop are still the most commonly employed methods. Hanging and sitting drop crystallisation are vapour diffusion methods, where a small drop of protein and precipitant solution is equilibrated against a reservoir containing a higher concentration of precipitant. As the drop equilibrates against the reservoir, the concentration of protein within the drop increases to the level required for the nucleation and growth of crystals [8] .
As mentioned above, the optimum crystallisation conditions for each protein are identified by extensive screening. The development of new analytical processes to aid in the understanding of the crystallisation kinetics by measuring their growth in situ would greatly facilitate the development of rational crystallisation approaches. This paper introduces the use of Micro ATR FTIR spectroscopic imaging as a method that can be used to study the in-situ growth of protein crystals in a hanging drop configuration. The chemical specificity of infrared spectroscopy means that crystals can easily be identified as protein and the high spatial resolution can allow for the detection of micro crystals.
The technique could also provide some insight into structural kinetics of crystallisation through the use of secondary structure analysis of the protein molecules.
Infrared spectroscopy has already been extensively used for the study of protein behaviours such as surface adsorption [9] and in solution [10] . Characteristic absorption bands for proteins are sensitive to protein conformation and there are many examples in literature for the assignment of protein secondary structure based on the analysis of Amide I band [11, 12, 13] . Chemical imaging using infrared spectroscopy offers the opportunity to study protein crystallisation in situ. Macro ATR FTIR spectroscopic imaging applied to the study of protein crystallisation in a high throughput manner has previously been shown by Chan et al. [3] . This work demonstrated the applicability of ATR FTIR spectroscopic imaging to distinguish between multiple crystallisation conditions simultaneously using a macro approach, where the spatial resolution is limited to 40 μm using a zinc selenide ATR accessory or 15 -20 μm with a diamond accessory [3] . Macro ATR FTIR imaging has also been used for the study of the effect of different surface properties on protein adsorption and crystallisation by preparing a gradient monolayer on the surface of a silicon ATR accessory [14] . However, the spatial resolution in that study was limited to approximately 84 µm [14] . It would, therefore be useful to obtain chemical images of protein crystals with a higher spatial resolution to allow the detection of micro crystals as well as attempt to measure protein crystal growth in-situ.
ATR FTIR spectroscopic imaging is an extremely versatile analytical technique that allows for the measurement of chemical specific images of a sample, without the need for additional dyes. An FTIR spectrometer equipped with an accessory that contains a single bounce internal reflection element (IRE) coupled with an FPA detector enables spatially resolved chemical information to be obtained from the sample by measuring ~ 4000 -16,000 spectra simultaneously from different locations within the sample. The nature of the ATR approach is such that infrared light only interacts with the sample within a few micrometers from the surface of the internal reflection element. This limited probing depth means that it is particularly applicable to the study of aqueous samples but it does require good contact between a particular sample and the surface of the ATR element [15] .
Micro ATR FTIR combines a Cassegrain type objective and an infrared microscope operating in reflection mode, shown in Fig. 1 . The angle of incidence of this type of objective is ca. 30° meaning a Germanium ATR element (n = 4) is used to ensure total internal reflection of the IR beam occurs. The high refractive index of the Germanium element combined with the IR microscope objective means that spatial resolution of approximately 4 μm can be achieved [16] . This has enabled the study of many samples previously excluded from FTIR imaging studies due to inadequate spatial resolution.
The field of view with this approach is limited and the size of the imaging area has been measured to be approximately 64 μm x 64 μm [16] . Despite this small imaging area, Micro ATR FTIR spectroscopic imaging has great potential for the studies of polymeric materials [17, 18, 19, 20] , cross-sections of paintings [21] and biomedical materials where it has already been employed to analyse cross sections of hair [22] , breast cancer tissue [16] aorta and arteries [23] as well as to chemically image live cancer cells [15] .
The Micro ATR FTIR set up is particularly amenable to the study of hanging drop protein crystallisation. The Ge ATR crystal is removable, as reported previously in reference 15. As such a drop of protein solution and precipitant solution can be deposited directly onto the Ge crystal and a reservoir can then be placed underneath the drop in exactly the same manner as that which is applied in structural biology labs. Confocal Raman microscopy has also been applied to the in situ measurement of hanging drop protein crystallisation to monitor the change in concentration of protein within the crystallisation drop [24, 25] . Micro ATR FTIR imaging is an imaging technique and thus requires shorter measurement and sample preparation times to obtain the same number of spectra from the sample in comparison with Confocal Raman microscopy. Also, despite the small imaging area of Micro ATR FTIR, it is possible to measure the growth of multiple crystals using this approach as will be demonstrated below.
This novel application of Micro ATR FTIR opens up exciting opportunities for the dynamic study of protein crystallisation by measuring the growth of crystals in-situ. The high spatial resolution of the technique allows for the measurement of the early stages of crystal growth through the detection of micro crystals and imaging their growth. This could facilitate the identification of conditions optimal for crystal growth, quickly and easily without need to damage or move the crystal drop. It has potential to be further developed for the study of protein structure in proteins where it is very hard to obtain X-Ray standard crystals, through FTIR spectroscopic analysis of protein secondary structure. This method could also be applied to other areas of research where crystallisation is a key factor, for example pharmaceuticals. This paper shows the micro ATR FTIR spectroscopic imaging of three different proteins. Lysozyme and Thaumatin are both easily crystallised and therefore good model proteins with which to develop a new technique. The third protein studied was Lobster α-crustacyanin which has previously been studied to understand the natural blue colouration of raw lobster shells and is more challenging to crystallise [26] .
Experimental

Materials
Three proteins Lysozyme, Thaumatin and α-crustacyanin were studied, each with different crystallisation conditions at 20 o C.
Hen egg-white Lysozyme (L 7651), Thaumatin from Thaumatococcus danielii (T 7638) and all the chemicals used in the reservoir solutions were obtained from Sigma-Aldrich. Alpha crustacyanin was provided by Peter Zagalsky of Royal Holloway University of London.
Crystallisation conditions
A solution of 40mg/ml Lysozyme in 0.1M Sodium Acetate buffer, pH 4.5 was prepared. The corresponding reservoir solution contained 6% w/v NaCl in 0.1M Sodium Acetate buffer, pH 4.5.
Thaumatin solution at 30mg/ml in 0.8M Sodium Potassium Tartrate, pH 6.8 was crystallised using a reservoir solution containing 0.1M BIS-TRIS Propane (BTP) in the same buffer. α-crustacyanin FTIR images, the maximum size of the crystal measured can be approximated to 29 µm, however it is clear than this is only a part of a crystal as the crystal had partly grown outside the field of view.
Visible images of the measuring surface of the Germanium crystal were taken after 20 hours, shown in Fig. 3 . Since optical images require the removal of the objective from the IR microscope, only one image was taken during the whole trial in order to minimise disturbance to the crystallisation drop.
Moving the Germanium crystal can also affect the ratio with background spectra and hence should be avoided as much as possible. Water vapour can be an issue with IR spectroscopy and removing the objective exposes the spectrometer to the local environment through the gap in equipment where the objective would be. This increases the amount of water vapour within the spectrometer which interferes with the infrared light path, affecting the quality of spectral measurements increase. Therefore, to minimise the effect of this and allow the system to return to equilibrium, a time interval of 30 minutes was observed before taking a measurement after each time the ATR element was removed.
From the visible image, the presence of multiple Lysozyme crystals can be seen, with an approximate size of 50 µm, indicating that half of one of these crystals was captured using micro ATR FTIR imaging. This highlights the main limitation of this method; the limited imaging area. Therefore, for proteins that grow rapidly to form big crystals, it may not always be possible to capture their growth using micro ATR FTIR imaging. There is no guarantee that a nucleation site will occur within the imaging area and hence there is still a degree of trial and error within this approach. The exact location of the imaging area on the germanium crystal is also not known precisely, the black dashed box in the visible image shows an estimated position (from the shape and size of the crystal on ATR image). Opportunities exist in which this could be determined in order to overcome this limitation. If the exact location of the ATR imaging area was known then it may be possible to ensure crystal growth in this area through the use of surface modifications or seeding technologies, for example.
Thaumatin
Thaumatin is another protein that is well characterised and crystallises readily, although over a longer time than Lysozyme. ATR FTIR imaging measurements were taken at time = 0, 24 h and 28 h (Fig. 4) where the ATR images were generated by plotting the distribution of the Amide II band at 1525 cm -1 within the imaged area. Spectra extracted from the highlighted region are also shown and a visible image Thaumatin crystals on the germanium surface. After 24 hours several small crystals have grown within the ATR imaging area, varying between 6 -15 µm in size. Then at 28 h, the size of these crystals has reduced to a maximum of 6 µm. This would suggest that as the crystals increase in size, the effect of gravity means that the area of crystal in contact with the Ge surface decreases.
Again an optical image was taken at the latest stage of the trial to minimise disturbance to the sample. The image shows many protein crystals across the Ge surface; however from the image it is hard to distinguish individual crystals.
Measurements of Thaumatin were repeated and ATR FTIR images are shown in Fig. 5 along with spectra extracted from the highlighted region. The spectra appear to be noisier than the previous measurements due to the presence of a larger amount of water vapour in the system. As before, this analysis has the advantage of differentiation between salt and protein crystals than is possible using other techniques.
Lobster alpha crustacyanin
To determine if Micro ATR imaging could be applied to more challenging proteins, the hanging drop crystallisation of lobster alpha crustacyanin was studied. Crystallisation drops of lobster alpha crustacyanin normally result in the formation of a large number of small blue crystals which in some cases may be too small for use in X-Ray studies.
α-Crustacyanin is known to take approximately one day to crystallise under standard laboratory conditions. ATR FTIR imaging measurements were taken at 0, 48 h and 96 h, with ATR images, generated from plotting the distribution of Amide II band at 1540 cm 
